 Cognitive flexibility was evaluated in mice in the IntelliCage homecage system.  Chronic haloperidol treatment reduced locomotor activity and water intake.
A C C E P T E D M A N U S C R I P T
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Introduction
Cognitive impairment is a core feature of and among the strongest predictors of functional outcome in patients with schizophrenia, a neuropsychological disorder representing the eighth most prominent reason for disability among young adults with a lifetime prevalence of 4 in 1000 individuals [1] . Haloperidol is the most often recommended typical or first-generation antipsychotic (FGA) drug worldwide [2] , and has been highly effective in alleviating psychotic symptoms in schizophrenia. However, such widespread prescribing is starting to cause controversy given the lack of controlled clinical trial information on the impact of long-term treatment on cognition [3] ; especially in young and elderly populations [4, 5] . Another controversy is the inclination towards atypical or second-generation antipsychotics (SGAs) over FGAs, which has been questioned in recent surveys [6] [7] [8] . There are genuine long-term effects of SGAs (e.g. abnormal weight gain, diabetes mellitus, hyperlipidaemias), and cost
concerns. Substantial clinical trials, including the Clinical Antipsychotic Trials in Interventions
Effectiveness (CATIE) [9, 10] and the Cost-Utility of most recent Antipsychotics in Schizophrenia Study (CUtLASS) [11] , have indicated that FGAs and SGAs were comparable in overall efficacy and tolerability.
Haloperidol remains in widespread use. It is frequently selected as the standard comparator in randomised trials for the investigation of numerous other FGAs and SGAs. It is also on the World Health Organizations (WHO) list of necessary pharmaceuticals [12] . Because of the high prescription rates, research on haloperidol remains vital. Chronic treatment with haloperidol, which acts as a high-affinity D2 postsynaptic receptor blocker, has been related to behavioural alterations. Even though it improves the positive symptoms in schizophrenia, haloperidol concomitantly decreases dopaminergic function in the already hypodopaminergic frontal cortex and reduces the expression of D1 receptors in the prefrontal cortex [13, 14] , A C C E P T E D M A N U S C R I P T which are fundamental for executive functions, such as attention and working memory [15, 16] . This effect of typical medications may contribute to a portion of the adverse effects of typical antipsychotics on cognition [17] [18] [19] . Nonetheless, some investigations have indicated enhanced cognition secondary to drug treatment [20] [21] [22] . For these reasons, there has been a broadening and change in perspective by some clinicians in both characterising and estimating clinical adequacy in the cognitive treatment of schizophrenia [23, 24] .
To date, just a few rodent studies have examined the long-term effects of antipsychotic treatment on cognition, for example, trials of frontal lobe function, decision making, and working memory have been conducted. Albeit valuable, these investigations incorporated traditional behavioural tests that involve social segregation, exposure to unfamiliar equipment with short observation times, and recurrent handling, which will result in stress responses, introducing artefacts, and reducing test reliability [25] [26] [27] [28] . This makes it difficult to assess small, yet crucial executive performance changes due to the medication at multiple time points.
The levels of efficiency, standardisation, and reproducibility of the testing strategies for mouse behavioural assessment are still inadequate. To overcome this problem researchers have developed computer-assisted advancements for automatically capturing rodent behaviour over an extended period. Among these, the IntelliCage utilised in the present study enables a unique approach to the cognitive assessment of group-housed mice. The current study aimed to explore the effect of chronic haloperidol treatment on acquisition and reversal of spatial memory in mice in the IntelliCage social home cage environment.
Materials and Methods
Animals and facilities
Female C57BL/6J mice, 6-8 weeks old, were purchased from InVivos Pte Ltd, Singapore. Mice were group-housed in the Animal Holding Unit, National University of Singapore, under a 12 h light: 12 h dark cycle (7:00 AM, lights on; 7:00 PM, lights off) and, an ambient temperature of [20] [21] [22] °C , with ad libitum access to food and water. The animal experiment was performed according to protocols approved by the Institutional Animal Care, and Use Committee (IACUC) of the National University of Singapore and the animal procedures were conducted in accordance with the "Guide for the Care and Use of Laboratory Animals" and the "Guidelines for the Care and Use of Mammals in Neuroscience and
Behavioural Research", National Research Council, USA. Since there is a tendency for male mice to engage in fighting, which might impair their well-being and the test outcomes, in the group-housed environment of the IntelliCages, only female mice were used in this study [29] [30] [31] .
Drug treatment and groups
Mice were assigned to a haloperidol-treated group and a control group. Haloperidol treatment was started on day 14 in the IntelliCage system (NewBehavior AG ® , Zurich, Switzerland) after seven days of free exploration, three days of habituation, and three days of nose pole adaptation and was continued throughout the remaining 15 days of the experiment (see Fig. 1 and Table 1 ). The haloperidol-treated group received 1 mg/kg/day of haloperidol (Sigma-Aldrich, St. Louis, MO) in drinking water while the control group received drinking water without haloperidol. The oral haloperidol dose was selected based on previous rodent studies in which:
(1) plasma drug levels that approximated to those associated with antipsychotic effects in humans were achieved [32, 33] ; (2) time-dependent neurochemical and behavioural effects
were detected [3] ; and (3) the dose selected for haloperidol would be expected to achieve 
Procedure
Every animal was subcutaneously injected in the dorso-cervical area with a radiofrequency identification (RFID) transponder with a unique ID code (DATAMARS SA, Switzerland). The identification of each mouse was performed using a hand-held electronic reader (MINI MAX 11; DATA MARS SA, Switzerland). Following transponder implantation, mice were moved to the IntelliCage. Inside the IntelliCage, mice had ad libitum access to food and access to water as indicated in the experimental protocol and described previously [31] .
The IntelliCage system
The fully automated high-throughput IntelliCage system enables analysis of the spontaneous behaviour and spatial learning behaviour of RFID-tagged mice in a home cage [37] [38] [39] . The
IntelliCage system (55×37.5×20.5cm 3 ) is equipped with four triangular operant learning chambers (corners, hereafter) (15×15×21cm 3 ) that fit into each corner of the cage. The cage contains four mouse housing shelters just underneath the food hopper, enabling ad libitum access to food. Additionally, each corner contains two motor-driven doors that can be opened by the mouse disrupting a detector beam with a nose poke to access one of the two water bottles present in each corner. Each water bottle is equipped with a lickometer that measures the
number of licks made during a visit. For a detailed description of the physical and functional features of the IntelliCage see [31, [40] [41] [42] [43] and www.newbehavior.com.
Experimental protocol and set up
All the animals were of equal age when they were introduced into the IntelliCage. Animals that had no recorded activity during the first 24 h of the experiment, either due to a transponder detection problem or failure to drink water in the IntelliCage, were removed from the cage. A total of 12 female C57Bl/6J mice were housed in the IntelliCage (i.e. 6 mice/group). The experiment was repeated once. Therefore, the total number of animals used in this study was 24 female mice (i.e., 12 mice/group). The experimental protocols are shown in Fig. 1A and were applied in the order given in Table 1 with the IntelliCage Plus software package version 2.6. Body weights were taken at the beginning and end of each experimental protocol module.
The protocol modules applied according to the scheme shown in Table 1 confirming that all the mice became familiar with all the four corners without a biased preference for any specific corner.
Place learning (behavioural sequencing task). In this module (5 days), the least favoured pair of diagonally opposite corners for each individual mouse, as recorded during nose poke adaptation, were programmed to be "correct" (rewarded with access to water) for that particular mouse, while the other two corners were "incorrect" (never-rewarded with access to water).
Additionally, each of the two diagonally opposite correct corners had two mutually exclusive states: "active" or "inactive". Thus there was always one "active" correct corner, one "inactive" correct corner, and two always incorrect corners at any time for each mouse (Fig. 1B) . When a mouse performed a nose poke in the "active" correct corner and received the water as a reward, the corner became "inactive". At the same time, the other correct corner, which was previously "inactive" became "active". This sequential alteration of the corner assignment ran throughout the experiment and was controlled for each mouse by the IntelliCage software [37] .
In this way, the mice were required to shuttle between two diagonally positioned correct corners. This prevented the mice from adopting a strategy of staying near and repeatedly reentering a specific corner.
Reversal of place learning 1 (revPL). During this module (5 days) each mouse was again assigned two "correct" and two "incorrect" corners. However, the diagonally paired correct and incorrect corners were reversed during this module. Thus, the mice had to learn to switch their shuttling behaviour to the other diagonal pair of corners that had previously been
unrewarded. Exploratory activity and corner discrimination error rates were subsequently analysed in this phase, the latter indicating the rate at which each mouse learned the new "correct" corners.
Reversal of place learning 2 (Airpuff punishment).
In order to further investigate reversal place learning behaviour, in this module (5 days) visits to "incorrect" corners resulted in aversive stimulation, in the form of an airpuff of 1-2 bar pressure for 1 s. In this way, the cost of exploration was increased, as a penalty was now incurred for visiting an "incorrect" corner.
Behavioural data analysis
Data generated by the IntelliCage Plus Controller and Analyzer applications were exported to
Microsoft Excel for further analysis. The IntelliCage Plus Controller software records the location, beginning, end, and duration of all visits, nose pokes, and licks during the whole session. Nose pokes were analysed in order to differentiate visits to the corners made as part of the general exploratory behaviour of the mice or in order to access the water. For every single nose poke, the software records the number of licks, the cumulative lick contact time, as well as the time elapsed between the first and last lick (drinking time). In this analysis, two categories of overall physical and learning ability were distinguished, i.e. the total number of visits, and the total count of licks during all the place learning modules, the percent correct visits, and percent correct nose pokes during all the three learning modules (place, reversal and airpuff punishment). Based on the location information, we also calculated the corner discrimination error rate, percent nose poke preference for the correct corner, and incorrect visit ratio during each learning paradigm.
Statistics
A D'Agostino-Pearson test was applied to evaluate data normality and homogeneity.
Parametric statistics utilised for normally distributed variables included Student t-tests for variables estimated at the one-time point and two-way repeated measures ANOVA for data followed over time. In addition, the group differences using two factors or independent variables were evaluated by two-way ANOVA. The Bonferroni post-hoc test for multiple comparisons was applied when the main effects of factors were significant in the ANOVA analysis. The correlation between variables was assessed using linear correlation analysis, and the Pearson product-moment correlation coefficient. A non-parametric test (Spearman rank, R) was used to check correlations when one of the variables was not normally distributed. All graphs were drawn using GraphPad software (GraphPad Inc., CA, USA). Data is graphically presented as group means ± standard error of the mean (SEM). For all procedures, p < 0.05 was considered significant.
Results
Adaptation and establishment of the procedure
During the first week of free adaptation, all gates under the four corners were open, and all mice had free access to all corners with water without haloperidol. During the nose poke adaptation phase, all mice successfully learned to nose poke to reach the water bottles. During the nose poke adaptation phase, before starting the drug treatment, mice were randomly divided into two groups (control and haloperidol-treated; N = 6 mice/group per IntelliCage 
Exploration activity of haloperidol-treated mice
Control and haloperidol-treated mice were analysed for the average number of total visits 
Drinking behaviour of haloperidol-treated mice
The mean increase in water consumption was 48% in controls, and 2% in haloperidol-treated Both groups of mice showed a similar trend in their learning during the place learning paradigms, but enhanced learning of haloperidol-treated compared to control mice was only observed during the airpuff punishment paradigm.
Incorrect visit ratio. The incorrect visit ratio is the number of times a mouse enters a
corner where they were unrewarded with water divided by the total number of corner visits made. The learning behaviour of both groups of mice was indistinguishable during the place and reversal learning modules. However, for the haloperidol-treated mice, the incorrect visit ratio was decreased drastically when airpuff punishment was applied [ 
Discussion
Using the IntelliCage system, this was the first study to explore the effects of chronic haloperidol treatment on spatial place learning in a social home cage environment. We found that, although haloperidol-treated mice showed reduced water-rewarded reversal place learning compared to control mice, haloperidol-treated mice learned better than control mice when airpuff was used to punish incorrect visits.
In the current study, daily haloperidol administration to mice in drinking water at a dose expected to produce similar plasma drug levels and D2 receptor occupancy to clinical dosing [32] [33] [34] [35] decreased exploratory activity without producing akinesia or changing normal circadian rhythms in locomotion. There was a modest decrease in fluid consumption in the
haloperidol-treated group compared to water consumption in the control group. However, consistent with a previous report by others [32] , haloperidol was successfully administered orally in drinking water without any adverse effects on rodent health. The body weight of the haloperidol-treated mice did not differ significantly from that of the control mice throughout the experiment. The observed decrease in locomotor activity is consistent with our previous report that haloperidol dose-dependently suppressed spontaneous hyperactivity of mice at doses expected to produce clinically relevant D2 receptor occupancy [44] . However, even though haloperidol-treated mice were less active than the control group, all mice exhibited normal circadian rhythms with nocturnal increases in activity.
In addition to physiologically motivated corner visits for drinking, 63% of corner visits by control mice were made without drinking and likely reflect the exploratory activity of the mice.
Such exploratory activity is a normal behaviour for adult mice. In contrast, haloperidol-treated mice performed 45-60% fewer corner visits per day than the control mice. The corner visits by haloperidol-treated mice were probably motivated by physiological need rather than exploratory behaviour as most were associated with drinking. Because the mice did not only visit the corners to drink it was important to distinguish between analysis of the discrimination error rate, the correct visits, and the visits with nose pokes to access water. The discrimination error rate was typified by the number of visits made to the incorrect corners, which were counted as "errors". Correct visits correspond to the frequency of visits to the assigned active correct corner. In contrast to correct visits, the discrimination error rate can be influenced by the activity of mice to visit both the rewarded and non-rewarded corners. Analysing nose pokes additionally provided a good measure of the learning as nose pokes indicated attempts to access the drinking water. While visits reflect the general activity level in the IntelliCage, nose pokes
are associated with attempts to drink. So, in this context, correct nose pokes are most useful for understanding the learning curve in the IntelliCage.
Our results show that haloperidol caused a moderate deficit in reversal learning rewarded by access to drinking water. The possible contribution of the dopaminergic system to the consolidation of memories has been previously reported and haloperidol impairs water maze learning [45] and the extinction of conditioned fear memory [46] . Higher doses of haloperidol may also block practice-related performance improvements in working memory [47, 48] . This deleterious effects on learning could explain the impairment in reversal learning. However, we also found that haloperidol increased learning when errors were punished with airpuffs.
Although haloperidol-treated mice performed fewer corner visits in the airpuff punishment condition, indicating reduced exploration, both control and haloperidol groups were able to learn the rewarded corner, providing evidence for spatial learning.
A possible explanation could be that haloperidol blocks mechanisms by which reward reinforces learning, but has less effect on the negative reinforcement of airpuff punishment allowing other underlying mechanisms enhancing learning to be revealed. Modulation of reward-reinforced learning by haloperidol would be consistent with the role of a dopaminedependent signal in the nucleus accumbens and striatum in reward. Reappraisal of the role of D2 dopamine receptors in the nucleus accumbens and striatum has supported a role in reward mechanisms [49] [50] [51] . Meanwhile, the improvement in learning could be mediated by other actions of haloperidol. For example, haloperidol (4 mg/kg/day) has been shown to produce similar increases in locus coeruleus tyrosine hydroxylase activity and immediate early gene activity as atypical antipsychotics [52] . The effects of atypical antipsychotics on the locus coeruleus have been shown to increase locus coeruleus activity and tyrosine hydroxylase [53] increasing locus coeruleus-mediated enhancements in long-term potentiation [54] and noradrenergic-mediate improvements in spatial working memory [55] . The mechanisms of haloperidol-induced cognitive function remain to be further elucidated but could be of clinical relevance as haloperidol-associated improvements in cognitive function have been reported in first-episode patients treated with lower doses of haloperidol [20, 56] .
Development of novel therapeutics targeting cognitive impairment in schizophrenia is
important [57] . The impact of current antipsychotic treatments on cognitive function has been very limited [58] and has not been confirmed in some recent experimental trials [59, 60] . There is therefore a need to develop new cognition enhancing drugs which will require means to assessing the effects of putative cognition-improving compounds in animal models. The current study demonstrates the feasibility of using the IntelliCage social home cage system for discovery of antipsychotic compounds enhancing cognitive function.
Conclusion
In conclusion, a test protocol was established for assessing effects of drugs administered in drinking water on behavioural flexibity of cognitive function by measuring reversal place learning in mice in the IntelliCage social home cage system. The use of the IntelliCage in the present protocol addressed shortcomings of existing methods by allowing testing of cognitive function in a social housing home cage environment minimising handling of the animals. The current experiments offered evidence that haloperidol moderately impairs reversal place learning rewarded by access to water but enhances place learning when errors were punished by airpuff. 
